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We sought to address this question by the use of diffuse light-scattering techniques (3, 5, 20, 27) . In particular, we have shown that the changes in the light pattern on the pleural surface that result from pointlike source illumination are a strong function of the optical mean free path, which in turn is strongly correlated with corresponding changes in the geometric mean linear intercept (27) . This latter quantity is in turn proportional to the reciprocal of the lung's surfaceto-volume ratio. We thus extended our previous lightscattering theory, which was restricted to isotropic media, to the anisotropic case, seeking to mimic the state of the lung during shear distortion. These ideas were tested against orientation-dependent stereological estimates of mean linear intercepts and found to be strikingly close. We then analyzed the behavior of lungs when systematically distorted isovolumetrically with uniaxial stretches, by observing the anisotropic behavior of diffusely scattering light. We interpret these results in terms of the degree to which the microstrain field follows the macrostrain field and discuss implications to changes in surface area during shear deformation.
METHODS

Animal and Lung Preparation
Eight New Zealand White rabbits (3.3 6 0.5 kg) were anesthetized with pentobarbital sodium (25-40 mg/kg iv) and then given heparin (700 U/kg iv). The level of anesthesia was sufficient to abolish the corneal reflex. The animals were then killed by exsanguination from a femoral artery. The chest was widely opened via a midline sternotomy, and the trachea, lungs, and heart were carefully excised en bloc. A rigid endotracheal tube (6 mm OD, 5 cm long) was inserted and secured. The pulmonary artery and the left atrium were cannulated through the heart ventricles for subsequent perfusion fixation.
The lung was then connected to a closed pressure-volume device (23). It consisted of a vertical cylindrical chamber partially filled with water, with the lobe directly connected to the air volume above the water. The height of the water was changed by pumping water into or out of the cylindrical chamber by a pump connected to a reservoir. For constant bore of the cylinder, the volume displaced is proportional to the change in height of the water column, which was sensed by a differential pressure transducer (Validyne MP-45, 50-cmH 2 O diaphragm). Independent measurement of airway opening pressure was made by another pressure transducer connected single endedly to the gas column. Lung distending pressure (PL) and lung volume (VL) were monitored on an X-Y recorder. The lungs were initially inflated to 30 cmH 2 O to open any atelectatic regions. They were then cycled slowly from 3 to 30 cmH 2 O transpulmonary pressure until the pressure-volume loops were consistent and superimposable. After the first inflation and throughout the entire experiment, the lungs were never allowed to deflate to pressures ,3 cmH 2 O. Once the pressure-volume curve was established, the initial perfusion was started with lactated Ringer solution with 52 mM NaCl and 3% dextran (pH 7.4, 350 mosM). To open the pulmonary vasculature and perfuse as many pulmonary vessels as possible, sodium nitroprusside (0.1%) in 100 ml of lactated Ringer solution was perfused. An additional 400 ml of lactated Ringer solution were perfused until the lungs attained a stable blanched appearance. The lung was inflated to 30 cmH 2 O and deflated to the target pressure of 7 cmH 2 O.
The lung was positioned on a horizontal glass plate such that a relatively smooth lung surface was exposed on the top. Gauze strips, ,1 in. long, were glued to the caudal and cranial ends of the test lobe (left lower lobe). A hemostat was clamped to the gauze on the cranial end and then rigidly fixed in place with a vice. The unconstrained end was connected with umbilical tape to a micromanipulator (fine-thread screw placed horizontally) to apply uniaxial stretching. The lobes were always cycled from a state of zero strain (no uniaxial stress as determined by slackness in the tape connecting the caudal end of the lobe to the screw) to the target strains of nominally 5 and 7%. Constant volume was ensured by clamping the tracheal cannula before each run. Ink dots were placed on the pleural surface as described below to quantify the strain. Light patterns were measured in control and strained conditions. Light scattering was also measured on the contralateral lobe for subsequent use in comparison with morphometry.
Strain Measurements
Strains (e y and e x ) in the direction of uniaxial strain (y) and the perpendicular direction parallel to the pleural surface (x) were measured by an anisotropic extension of a technique previously described (17) . Eight ink dots were placed at the corners of two concentric squares centered on the optical source point (see below). The two squares had edge dimensions of nominally 1.0 and 1.6 cm. To compute the average strain in the y direction, we measured the four edge lengths (2 for each square) in the y direction before and after uniaxial stretch. These lengths were determined by the differences in the y components of the positions of the dots, which in turn were measured by a digitized computer image taken with the CCD camera (see below). For each of these four edges, a stretch ratio was determined as the ratio of the change in length (strained 2 control) to the control length. The average of the four stretch ratios less one was taken as the mean strain in the y direction (e y ). This same procedure was repeated for the four edges in the x direction (i.e., by use of the x components of dot pairs for each of the four x edges) to obtain e x . Strain in the z direction (e z , perpendicular to the pleural surface) was estimated by the isovolume condition imposed e z 5 2 e x 2 e y (1)
The positions of the eight ink dots placed on both lobes were noted before and after vascular perfusion fixation (see below). For each of the x and y directions, the average ratio of edge lengths, computed as above for the unfixed strains, after fixation to before fixation (separately computed for the x and y directions) less one was taken as the fractional amount of shrinkage in the x and y directions. Quantitatively, this amounted to the following: fractional shrinkages (that the specimens actually decreased in lengths is represented by the negative sign) were 20.53 6 1.42 (SD) and 20.64 6 0.17% in the x and y directions, respectively, for the control (unstrained) lobes. These were not significantly different from one another. In the strained lobes, the shrinkage after fixation amounted to 21.36 6 2.25% in the y (positive strain) direction and 23.06 6 5.21% in the x direction (orthogonal and parallel to the pleural surface). Macroscale strains are dependent on the average cross section of the lobe, because net force equilibrium demands that smaller cross sections have proportionately higher strains to accommodate the net force. This no doubt was a source of the variability in strains in the unfixed preparations as well as in the shrinkage differences in the pre-and postfixation preparations. These quantitative estimates of the shrinkage of each individual lobe, both control and strained, were used to correct the morphometric estimates of fractional changes in directional mean linear intercepts (L m ). These corrected estimates were used in the comparison of morphometry to the optical measurements.
Optics
Anisotropic scattering. Here we describe the generalization of isotropic diffuse scattering (21) to the case of anisotropy in first order. Consider first the circumstance where absorption is negligible. Later we will argue that absorption has little effect. The photon density (r) satisfies a generalized Laplace equation
at all points except source points. Here D is the effective photon diffusion coefficient and is approximately given by a second-rank tensor that, in an orthogonal x,y,z coordinate system coincident with the directions of principal strains, can be written as a diagonal matrix with elements (c/3
where c is the speed of light and l x , l y , and l z are the optical mean free paths in the x, y, and z directions, respectively. This is the generalized version of the isotropic case for which D reduces to a scalar (c/3)l times the identity matrix, and Laplace's equation becomes simply = 2 r 5 0. Now the solution in the isotropic case, for a point source of power P 0 placed at (x,y,z) 5 (0,0,z s ) in an infinite medium is given by
where r 2 5 x 2 1 y 2 1 (z 2 z s ) 2 and where the constant A is composed of numerical factors and c. In the anisotropic case, the diagonalized Laplace operator is given by
and so the solution for anisotropic scattering can be written down by inspection, noting the transformation of coordinates, x = x/OEl x , and similarly for y and z. Dimensional consistency also requires additional contributions to the overall constant. By symmetry, then, we can immediately write
This is the photon density resulting from a point source at (0,0,z s ) in the case of an anisotropic infinite medium. We now use this result to estimate the intensities that would be measured emanating from the pleural surface under the imposed experimental conditions that a point source of light is presented to the pleural surface through an optical fiber at the point (x,y,z) 5 (0,0,0). This directional beam points into the lung in the positive z direction and contributes to the diffuse photon density in a manner approximated by placing an isotropic source point at (0,0,z s ), where z s approximates the position of transition from the directional incident beam to a condition of diffuse scattering, i.e., at z s 5 l z . [Strictly speaking, the intensity of the incident directional beam decays exponentially with z, with space constant l z
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, and with a distributed line of sources along (x,y) 5 (0,0), z . 0, but this does not change the functional dependence of the fluxes in the far or diffuse field.] For the approximation of the lung as a semi-infinite medium z $ 0, the condition that there is no photon flux entering the lung through the pleural surface except from the fiber translates to the approximate boundary condition r1x, y, z20 z50 5 0
This semi-infinite problem with a source point at (0,0,l z ) can be solved by the method of images; the solution for positive z is the same as that for an infinite medium with the given source at (0,0,l z ) and an additional source of the opposite sign, or sink, at the reflected point, (0,0,2l z ). This constitutes the dipole approximation to diffuse scattering in a semiinfinite medium. Now the intensity that we measure at a point (x,y) on the pleural surface is the component of the flux in the negative z direction and is given by I1x, y 2 5 12e z 2 ? 12D=r 0 z50 2
where e z is a unit vector in the 1z direction. (That the photon flux is in general given by 2D=r is the equivalent of Fick's first law of diffusion for a diffuse photon field.) Taking the indicated derivatives and considering the case r : l x ,l y ,l z , we finally obtain I1x,02 5 A 1
and I10, y 2 5 A 1
Now define, similar to our previous work (3) 
Then changes in F x and F y , associated with, for example, an imposed strain, correspond to fractional changes in l x , l y , and 
Because we are only interested in first-order departures from an average l, we have replaced all denominators by l. Furthermore, F x and F y , and hence dF x and dF y , are defined as explicitly dependent on x and y, respectively, whereas the right-hand sides above are simply constants. In our measurements, dF x and dF y were indeed found experimentally to be essentially independent of x and y, respectively, in the diffuse far field. The effect of absorption on the above results is expected to be negligible for the following reasons. First, there is an additional factor present with absorption, exp(2k diff r), where k diff is the effective diffuse extinction coefficient, which is carried with the inverse power laws in Eq. 8 and contributes a simple linear 2k diff r dependence to F x and F y . In the case of uniform or bulk expansion of the lung, we argued previously that because k diff depended on l, its effect as a correction term should be included. However, part of the reason that k diff is dependent on the geometric size of the parenchymal structures is through differential changes in the magnitude of material in alveolar corners (contributing to refractive scattering) compared with the amount of tissue in the alveolar septal regions (contributing primarily to reflective scattering). This fractionation of material is clearly lung volume dependent, but we argue that at fixed volume the relative contributions should not change when the lung is isovolumetrically distorted. For these reasons, we believe that the above equations are an adequate approximation to the observed intensities.
Finally, Eq. 10 comprises two equations with three unknowns, namely, the fractional changes in the x, y, and z mean free paths. At this point, we make one additional assumption regarding the relationship between dl x /l and dl z /l for uniaxial stretches in the y direction. If the lung were truly indifferent to the directionality of the two orthogonal directions x and z, then we might be justified in assuming that the fractional changes in l x and l z were equal. On the other hand, for each experimental preparation, we have measurements of the strains in the x and y directions. As remarked above, given that the strains were isovolumic, it follows that e z can be computed from the measured e x and e y by Eq. 1. We now make the explicit assumption that, in these two directions orthogonal to the y direction of uniaxial strain, the changes in the mean free paths are proportional to the strains
If we denote the strain ratio by
then Eqs. 10 and 12 can be solved for the three unknown fractional changes in mean free path. The result is
In the case where the strains in the two directions orthogonal to y are equal, e x 5 e z , f 5 1, and Eq. 13 simplify to become
However, we found that whereas f was approximately unity on average, there were departures for any given experiment. On the other hand, there were no significant differences in the final results or conclusions whether the set of Eq. 13 or 14 was used.
Measurements. Optical measurements were performed in a manner similar to that previously described (3, 20) . First, control measurements were performed on the lobe contralateral to the one to be strained. These results were used in the morphometric validation. Then a series of measurements were performed on the test lobe (left lower lobe) at a variety of strains. The test lobe was allowed to return to the nominally zero shear strain state between runs.
Light (632.8-nm wavelength) from a 10-mW He-Ne laser (model 05-LPH-141, Melles Griot) was focused on one end of a 0.75-mm-diameter acrylic optical fiber. The other end was fed through a 5-mm-diameter black rubber cylinder and glued to the pleural surface. The light intensity pattern from the surrounding region was measured by taking digital photographs with a high-resolution CCD camera (model VDC3860, Sanyo) fitted with a television lens (Fuji Photo Optical, 1:1.4-12.5). These images were captured with a frame grabber (Truvision Targa M8), displayed on a monitor, and analyzed with specialized software (JAVA, Jandel Scientific). The functions dF x and dF y were measured as the average value of these logarithmic differences over strips of the digitized image: (0.8 cm , 0x0 , 1.2 cm, 0y0 , 0.1 cm) and (0.8 cm , 0y0 , 1.2 cm, 0x0 , 0.1 cm), respectively.
The gain of the camera was slightly different in the x and y directions. We corrected for this effect as follows. A series of optical measurements were performed on a sponge of packing material. F x and F y were measured on the sponge in a standard position, and measurements were repeated with the sponge rotated by 90°, thus switching the roles of x and y. If the camera x and y gains were identical, we would have observed F x and F y switched when the sponge was rotated. This was approximately true, but there remained a discrepancy. These differences in F x and F y before and after rotation were measured on the x-y, y-z, and z-x faces of the sponge and averaged. We concluded that the F y gain was greater than the F x gain by a factor of 1.176. This translates into a logarithmic difference of 0.162, and all optical measurements on the lung were corrected by this amount.
Morphometry
Tissue preparation. After the last optical measurements on the strained lobe were completed, pump-driven perfusion with lactated Ringer solution was started at a perfusion pressure (pulmonary arterial pressure 2 airway pressure) of 15 cmH 2 O. During perfusion, the same PL and the same strain in the test lobe at the time of the last optical measurement were maintained. The control lobe was also held at that same PL. The initial perfusate was lactated Ringer solution. Then 400 ml of 2.5% glutaraldehyde in sodium phosphate buffer with 3% dextran (pH 7.4, 350 mosM) were perfused; this was followed by 400 ml of 4.0% tannic acid in sodium cacodylate (pH 7.4) with 3% dextran. Finally, to further stabilize connective tissue elements and minimize distortion of parenchymal structures during specimen processing and handling (22) , the lobes were dehydrated with a series of 100 ml each of 20, 50, and 75% ethanol, 200 ml of 95% ethanol, and 500 ml of absolute ethanol.
One block of lung [2 cm (in the strained y direction) 3 1 cm (x) 3 1 cm (z)] immediately below the region where optical measurements were made was carefully excised from each of the strained and control lobes, subdivided into four pieces (each 2 3 0.5 3 0.5 cm), and placed in absolute ethanol. The two corners of each piece in the cranial and pleural directions were notched. The combination of a single long axis (cranialcaudal) and the notches ensured that the x, y, and z directions could be unambiguously determined regardless of subsequent handling of the fixed specimens, inasmuch as random optical sections were recorded from the x-y and y-z faces of each block.
Confocal microscopy. Confocal micrographs were recorded from lung blocks immersed in absolute ethanol by use of a confocal laser scanning microscope (Sarastro 2000 CLSM, Molecular Dynamics, Sunnyvale, CA) fitted with a 25-mW argon-ion laser. Five random image fields (256 3 256 µm, 2.0-µm pixel size) were recorded from each of the two x-y and z-y faces of each lung block with use of a 320 objective. All optical sections were collected $100 µm from the cut surface of the specimen face. The sensitivity of the microscope was adjusted to record fluorescent confocal images of unstained lung. We found lung staining with fluorescent probes to be unnecessary because of the strong autofluorescent properties of the connective tissue and somewhat weaker fluorescence imparted to other lung structures from glutaraldehyde fixation. The operation conditions for the confocal laser scanning were as follows: 488-nm excitation, emission .510-nm longpass filter, laser power 20 mW, 100% transmission, photomultiplier voltage range 500-700 V, gain 43.
Stereological techniques. Mean linear intercepts (L x , L y , and L z ) were measured by using standard stereological techniques (1, 19, 28) on translationally random optical sections in each of the x, y, and z directions in the control and uniaxially stretched lobes. This technique utilized a test line pattern consisting of six parallel lines (each 170 µm long) with an 85-µm line spacing. This pattern was laid over the image in the horizontal and vertical directions (corresponding to the sample x and y directions or, when rotated, the y and z directions), and the number of intersections of test line with septal tissue per unit length of test line was counted. On the strained lobe and control contralateral lobe, we measured an average of 240 lines (5 fields, 2 orientation-specific faces from each block, 4 blocks, 6 test lines) along the x and z directions and 480 lines (the test lines in the y direction were sampled in the x-y and y-z faces) along the y direction.
Comparison of Diffuse Optical Stereology With Microscopic Morphometry
The irreversible nature of fixation makes comparisons of the optical methods with morphometry impossible with respect to control and strained conditions in the same lobe. However, to the extent that there is anisotropy present (by design in the strained lobe and perhaps because of intrinsic properties of the unstrained contralateral lobe), we may compare the differences in the x and y directions measured by these two techniques. Thus, from Eq. 14
This difference of differences is, to first order, the same as simply the x,y differences of the primary quantities F or l in the strained lobe or the unstrained control lobe. Equation 15 thus reduces to
To validate the extent to which fractional changes in l (here induced or intrinsically present directionally) reflect fractional changes in the geometric mean linear intercepts L, we thus made the direct comparison of (l y 2 l x )/l measured optically using Eq. 16 (corrected for camera distortion) and the quantity (L y 2 L x )/L measured morphometrically (corrected for the separate x and y shrinkage factors) and where L is the overall average mean linear intercept.
RESULTS
Uniaxial isovolumetric strains ranging from 2.3 to 14.7% were imposed in the y direction on the left lobes of eight rabbits. Logarithmic changes in the y 3 and x 3 weighted optical intensities in the y and x directions, dF y and dF x , respectively, are shown in Fig. 1 plotted against the strain e y and e x in the y and x directions, measured by the displacement of pleural markers. Note that dF and e are strongly correlated in both directions. Regression lines for each are also shown, with numerical values given by dF y 5 0.026 1 0.90e y , r 2 5 0.63, P , 0.0001
The changes in intensity are related to changes in the directionally dependent optical mean free paths l y and l x by Eq. 14. Figure 2 shows dl y /l and dl x /l plotted against e y and e x , in a manner similar to Fig. 1 . The regression lines are given by dl y /l 5 0.020 1 0.93e y , r 2 5 0.63, P , 0.0001
We expect that both of these optical measures should be proportional to the respective strains; the striking similarity of the coefficients in Eq. 18 (neither the slopes nor the intercepts are significantly different) then justifies pooling the y and x data. The result is given by the pooled regression dl/l 5 0.018 1 0.95e, r 2 5 0.88, P , .0001 (19) This is shown as the solid line in Fig. 2 . Note further the strong resemblance of the dl y /l and dF y data in Figs. 1 and 2 . This results from the fact that the f factor defined in Eq. 12, which estimates the ratio e z /e x , is ,1, for which case dF y is a direct estimator of dl y /l (the reduction of Eq. 13b when f 5 1).
The kinematics of the strains are shown in Fig. 3 , where the measured e x are plotted as functions of the imposed e y . The regression equation is given by e x 5 20.002 2 0.512e y , r 2 5 0.78, P , .0001 (20) which is shown as the solid line in Fig. 3 . For isovolumic uniaxial distortion, e x should equal 20.5e y ; this analogue of the line of identity is shown as a dashed line in Fig. 3 . Note the near superposition of these lines; the regression intercept is not significantly different from zero, and the slope is not significantly different from 20.5. The strains in the z direction, e z , are not shown but correspond, by Eq. 1, to points symmetrical (vertically) about the dashed line.
Finally, Fig. 4 shows the comparison of the fractional differences in the optical mean free paths in the y and x directions, (l y 2 l x )/l, and the fractional differences in the geometric mean free paths, (L y 2 L x )/L, determined morphometrically. The regression line is given by
and is shown as the solid line in Fig. 4 . This line is indistinguishable from the line of identity. The regres- sion intercept is not significantly different from zero, nor is the slope different from unity.
DISCUSSION
The validation of the optical technique of estimating fractional differences in geometric mean free paths against microscopic morphometry shows two distinct features. Figure 4 demonstrates a striking correlation between the fractional differences in the mean free paths in the x and y directions determined by these two methods. This implies, first, that diffuse light scattering can indeed be used in the estimation of such fractional differences. Second, we note that the slope of this relationship is not significantly different from unity. This is direct evidence that, for shear distortion of the lung, the use of the simple relation dF 5 dl/l, without the corrections appropriate to bulk deformations and absorption as used previously (3, 20) , is indeed adequate. For example, if l changed in shear as a power law function of the directional geometric mean linear intercept, then Fig. 4 would have still been linear, but with a slope different from unity. Figure 4 thus represents direct experimental confirmation of the arguments given in METHODS that we may use the diffuse scattering technique to measure fractional changes in mean linear intercepts.
Finally, we note that the theory underlying the use of diffuse light scattering in stereology assumes explicitly that the lung is homogeneous; i.e., there is negligible regional variation over the 1-to 2-cm field sampled by the optical probe. A homogeneous and isotropic medium enjoys circular symmetry in the light intensity diffusely scattered, whereas homogeneous and anisotropic media display a corresponding level of ellipticity. The aspect ratio of this ellipse is equivalent to the fractional differences that we quantify as (l y 2 l x )/l. The effect of regional inhomogeneities is complicated; it is strongly dependent on the length scale of such inhomogeneities. There are three regimes. If the length scale is much less than our optical scale of measurement (e.g., 1 cm), then such inhomogeneities are masked by the dominant effect of the mean values. If the length scale is much larger than, e.g., 1 cm, then we can indeed determine such regional variations by examining the lung optically in different places. The third case is problematic. If the length scale is about the same as the optical scale, then the effect is not easily predictable, and deconvolution of optical data even probed over fine lateral scales may not yield interpretable answers. On the other hand, all our measurements, especially the circularly symmetrical patterns seen in unstrained lobes, are consistent with a homogeneous scattering medium. The question of quantifying regional variability must await further experiments.
There was a surprisingly large degree of variability in the two strains (e x and e z ) orthogonal to the imposed uniaxial strain direction. The variations of e x about the dotted line e x 5 2e y /2 in Fig. 3 show this effect. Indeed, there was substantial variability even within a given animal of the e x , e y relationship. This no doubt was one of the major sources of error in these experiments. On the other hand, the average behavior of all lobes studied, over all strain ranges, did in fact conform to the expected relationship.
How then, does the lung behave geometrically in shear? Figure 2 shows that dl/l is closely correlated with the strain e in the direction of uniaxial strain ( y) and in the measured orthogonal direction (x). Indeed, as shown from the individual regressions in the two directions (Eq. 18), the data form a single set (Eq. 19) that relates changes in the optical mean free path to changes in the geometric mean linear intercept. There is a small offset in this relation from intersecting the origin. This is necessarily an artifact, insofar as these .5e y , which represents uniaxial isovolume strain in y for an isotropic medium. Points corresponding to e z (not shown) would be those vertically symmetrical about dashed line. Fig. 4 . Fractional differences in optical mean free paths in y and x directions, (l y 2 l x )/l, are plotted against morphometrically determined fractional differences in geometric mean linear intercepts, (L y 2 L x )/L. These differences represent differences in 2 directions, whereas fractional differences shown in Fig. 2 are differences between strained and unstrained case in y and x directions separately. Solid line, regression of optical measurements against morphometry; it is indistinguishable from line of identity.
two types of changes must be homogeneously linearly related in first order. We do not know the origin of this offset, but the slope of this relationship contains all the necessary information needed here. Its value (0.95) is not statistically different from unity. This implies that the microscopic strain field does not differ significantly from the macroscopic field. That this may result from ''matching'' of the stress-strain characteristics of all the disparate stress-bearing elements in the lung is reminiscent of the approximate strain matching found during bulk deformation step responses (3), even in the presence of substantial stress relaxation or recovery. These observations suggest why it is difficult to distinguish among several theoretical lung models, which explicitly have or can be generalized to have the additional degree of freedom associated with the alveoli-alveolar duct relationship (2, 6, 9, 11, 30) . Finally, it is known that changes in net surface area are zero to first order in strain in a wide variety of models (2, 11, 24) and that the change in second order (the quadratic dependence on shear strain) is related to the shear modulus (24). We are not able to extract the second-order characteristics from the current studies, but improved experimental techniques in the future may afford the opportunity to directly test this relationship.
The question of how the distribution of surface normals change during shear deformation is important, because it has been suggested (2, 11, 24, 26) that the reorientation of septal surfaces (i.e., their failure to follow the macroscopic strain field) may be the origin of the low shear modulus of the lung. On the other hand, our results here are consistent with micro-and macrostrain matching, which calls into question the reorientation mechanism by which the lung displays such a relatively low shear modulus. It is possible that reorientation does occur and that its effects are obscured in the diffuse light-scattering context. Thus, for example, the amplitude for reflection from a gas-liquid interface depends on its orientation with respect to the incident light, but it is currently unknown how this may affect our data. Still, the fact that we show remarkably good agreement (Fig. 4) between the differences in mean linear intercept measured in orthogonal directions in strained and control lobes and the corresponding optically determined differences in mean free path argues that our methodology is appropriate for the comparisons of changes in mean linear intercepts with shear strains. We therefore believe that the question remains open regarding the extent to which surface reorientation contributes to the shear modulus.
In conclusion, we have found by direct comparison of morphometrically derived data and optically gathered data of diffuse light scattering that anisotropic fractional changes in the geometric mean linear intercepts can be measured dynamically in unfixed lungs. This in turn allows us to measure the extent to which the microscopic strain field, defined here at the level of alveoli and alveolar ducts, matches the macroscopic strain field during externally imposed isovolumetric uniaxial strain. The results show that the relationship between the optically determined microscopic strain and the externally imposed macroscopic strain field did not differ significantly from the line of identity. Without specific model predictions of the quantitative differences in micro-and macroscopic strain fields against which to compare these data, one cannot definitively conclude that our data rule out subtle, but potentially important, differences. Nevertheless, the data do suggest that the internal degree of freedom of volume shifts between alveoli and alveolar ducts, and associated surface reorientation, may not play a large role in the behavior of the lung in distortion, in terms of geometry as well as in the origin of the low shear modulus of parenchyma. These, in turn, have important consequences in terms of bronchial and vascular tethering, as well as parenchymal stability.
